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- speaking also mixed or partial lubrication
. subdivisions are conceivable, are only of: theoretical interest
‘as long as their properties have not been definitely ascertained,
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ngops1s." Non—hydrodymanic 1ubrication is- first defined, then

the theoreticdl principles. of ‘the phenomena- relevant in this-

*:connection ‘are. touched upon. . An instrument of: Jarge-resolving
‘power and very high accuracy and reproduclbilmm'in determinations:

of the coefficients of friction is described. - ‘With the aid. of -
this instrument preliminary light is thrown on the most- important

,factors to be taken 1nto account—in—investigations of this kind.
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1;5 Definition of non-hvdrodynamic lubrication.3~
General Remarks on._ themnrocess of 1dbrication._

 The term non—hydrodynamic 1ubrication has been chosen for that R

region of which the laws are not yet known. " Hydrodynamic effecte

“which ‘are obseure or indeterminate, properties of films of
“molecular thickness at boundary surfaces, chemical reactions in
the lubrication boundary layer, etc. all belong here. The pro-

posed terms (I)of "boundary" or “"epilamen" ldbrication and strictly-
s in which further

as they cannot be exactly determined or characterised by experi--

"ment. One definite case of boundary lubrication would be-when

two absolutely atomically flat surfaces lie on each other and ‘
may be displaced parallel to- ‘each other’ are separated by & known

_number of molecular layers of 1ubricant. “The question of how !

long these surfaces would. remain atomically flat when they glide'
along each other would still remain open. ] -

, An attempt was madegto observe the lubrication process as"k
a function of various factors with the aid of a peculiarly .

"simple and very sensitive apparatus. The nature of the point of

lubrication that was chosen (three balls as a guiding bearing,

one ball as a sliding body) necessarily entails simultaneous
working in the regions of various lubrication phases (e.ge., the
known hydrodynamic phease ) particularly when the balls are.

- 8till undamaged. Only those lubrication processes, however, -
‘which offer a high resistance to sliding have a predominant

effect in practice, only the effective load differs in each case.'

,'This also ‘@pplies more or: less to other forms of test-apparatus,
conditioned as - 1t is by the roughness of the surface itself.



iéﬁé;EﬁfééfatédiéQiﬁééfdbtéiﬁédfﬁhéﬁéfbﬁé;5foié varying extent,

cover diserete frictional states of high frictional resistance.

*‘ﬁ;gIt*isﬂtherefbre*nOtjthegpurposexOf'thisqccmmunicaﬁionito1;]
add one mbre;to‘thejlargePnumherlof»available;instrumenjs~and,u

corresponding ‘to ‘its specific characteristics, to cultivate .

:diScrete,1ubrication§or.frictibnal'states,jdeformaﬁipn*resiat-q*
-ances,retp.wto,a greater;or=sma11er,degree{offreprpduoibilityg_ﬁ
‘and from this directly to deduce general connections between :
the instrument[and‘lubricgtionfinipractice,ras%has ‘been done -

so often, - - .

" Before_discussing the.individual results here ave the .

 gehera14principles;f0r~a“cbnsiderat°on‘of;thejrelévant«prdblems7
anid experifiental-resultge -~ - o il T

- Wear was immediately observed in all the measurements taken -
"with the instrument. Now it is to be: supposed that under constant
external,conditibns‘thiSawear Will;lead:to;avpointﬁwhen,.de-,%J_.fr
pending on, the type of lubricant, the surface will have -acquired '
a quite definite basic structure. It is known that every sur-
Tace of'a~solid_or;liquid-material‘pOSSessesﬂa:definite surface .
‘tension which is due to the fact that the surface molecules or. - .
atoms are only partially capable of neutralising the forces. that
keep them together. If a second substance is brought into the | -

‘neighbourhood .of the first, the residual forces become more or’
~less bound and the surfaceatension'or'energyitalls;m»"*WJ_NA :

. The total surface or intérfacial energy of a substance is
given by: . . : ;'6;’: P : IR : .

. - wis the interfacial energy , - ,
o ggfwis the free interfacial energy : . = L
 TgpWis the bound energy (latent surface or interfacial

% . energy). . . _ R e

where §is the surface or interfacial'tenSibn  :

'/The.sufface or intérféciai'energy”mu§t5be """ foundwby%experimentwf
Dupré (II)?established_theffoliowiné'epression'for the work
obtainable when two liquids. are brought_intqvcontact;»q;WQ”'-:

A=g-a» 4 -'Gae, (2) =

" Where" o?;x ‘and & ape the surface tensions of the liquids and .
gé.isathe'interfacial‘tension,at the.pointgof‘cqntact_itge}f.,If,

" one trie .tO»%P’ly this expression directly to the wear ©°*/ then. .
4 end ¢ ?% = eg denote the interfacial tension between working
material and lubricant and. ge the. interfacial tension in the
material of the point of lubrication; this is equal to Zero,
Therefore AT C4y) o L e
o A= 26 T (8)

The mechanical work per cm?'which has to be expended .in detach-
- |ing particles from the point of lubrication would therefore be -
twice-the'interfacial'tension'betweenfthe point of lubrication
" ‘land the lubricant i.e. & function of this quantity. . S

s

, The force with which a surface tends to reduce its area . .
.corresponds to the surface or interfacial tension. In (erystal-
' .1ine) solid bodies, as opposed to liquids, this tension differs
‘miero-locally, depending on the distribution of areas, edges and
_corners in the (microcrystelline) surface structure, The sur-
‘face molecules or stoms are subjeéted to a unidirectional pull.



3 Depending on the lowering: of the interfagisl tension dus to. -
‘ “the presence of a neighbouring medium this pull is modified, .
" “perticularly at edges and corners. The molecules, atoms or
':smallestepanti¢1e§»willf(depeﬁdinsion*thesneighbqurinsfphaae)~
"vary»in'tpe‘egse:with which{they,may‘beﬁtpansgerredy;pa;tif;‘,
cularly at the points mentioned, ‘from the original- zone into
_the,neighbouringione;f,_t”%f”*t;l.*fjﬁ-:~“:,1;Q;1 O e

7 W.0¢Engelhardt (IIT) showed that the mechenical work neces-.
‘sary to grind different subgtences to a given extent (e.g. .
_quartz with éarborundum powder) variés for tho same grinding . -
~material when:theLliQpidQusedjis"vériéa}fjﬁéﬁrélatesfthefvolumE%ﬁf
-~ gpound-off to—the«interfacialweﬁergyMOf,the{grindinggmaterial o
~with respect to the 1iguid'in_question5;dssuming\that~the;suba”:“ﬁ
stance is ground down to a “constant degree of fineness"a . The -
4ncrease 'in surfage»area'(grodnd—dff‘volume) would-be din-- - -
versely proportional to the interfaclal energy (in agreement -
-with the hypothetical equation (8)). This paper gives original..
“gquantitative.data on cutting hardness as a function of the . -
liquid-used. Whether the gtate of subdivision of ‘the grindings: -
(Abschliff)‘remainS‘constant5iS’howeverfopen'tofguestiOn;jAften‘;“
what has Dbeen said gbove it is -quite plausible that the. resulting
' "hardness" of the cutting body might possibly be due to a dif-. -
~ferent form of abrasion (size and kind of the torn out parti- .
.‘eles (IV)), This would result-in the above mentioned dependence .

of the surface structure of the sliding surface on the lubri-

~cant.. " The grindings;produced,.varying'bothiquantitatively'and B
qualitatively, may react with the oxygen: dissolved in the o0il -
or any. other chemically active substances and thus yield new.
‘substances. Friction and wear 1oss are bound up -with these - -
processes. - - T o E e S LI

’ /_N'The,following properties  of very thin films are of interest .
in this connection and may be recalled here: if measuring blocks -
(highly polished‘plane“surfaces) to which a trace of liquid has
been applied, are brought into contact they ean only be separated
by force. The cause of this.phenomenon is not yet quite-clear,

As a primery factor the following has -been discussed (v): -the
lubricant molecules cover the two surfaces and orientate them-
selves according to the fixed lattice,points;of.the*atom%c,f., o
lattices of the two metals. The mechanical work, per em~, which
mast be expended in order to separate them from the- boundary - :
Pace is again given by equation (2) where 0y now demotes the
~surface energy at.the point of lubrication, @ that:.of the .
lubricant, é'the interfacialgtension.bétWeen:pointjofrlubri-
cation’ ¢ lubpicant (VI). ’ SR ST

( The equation (2) (and (3)) is useful in practice only - . -
‘under. certain conditions, because the interfaciel tension of - .
solid bodies can be estimated only approximately at the present -
time, just like the interfeacial tension of very thin (molecular)
films between two solid boundary faces.  From measurements of - _
interfacial tension of mercury and of contact angles values are
obtained which meke it apparent that the adhesive strength of
molecules adsorbed at solid boundary faces should be similar v
t0 the cohesive strength of a solid substance. ~Lubricant mole-
‘cules cohere gbout equally strongly;-the tensile strength of.
.1iquids (VII) is therefore the sgme order of magnitude as that
of solid bodies. This tensile strength becomes effective when
_the ‘molecules of the liquid cannet be displaced relative to | .
~ one another but are actually separated; this is the case, more
or less, when tensile stresses come into play very rapidly or
‘when the mobility of the 1liguid molecules is impeded as is the
case at’solid surfaces where there are boundary layers of .- .
‘liquid a few molecules thick. The tensile strength may.-also -
‘be calculated from Dupré's equation, One arrives again &
- equation (3B) where ¢ now means the surface tension. - :



" mengile-strength; viscosity, atmospheric.pressure, fre. . .
' factors which make up the "measuring block" effect (VIII). The
. facts mentioned sbove have to be taken into account when a body
“has t6 be brought. from a state of rest o a state of motion . = .
~(static friction) or in the presencg )cfr}”a‘ﬁ few layers of lubri=- -
" -cant’ miolecules. in ‘sliding friction Ll L T e e

.7 e Forces prodice
~differential equation:

“deduced from Newton's

which only spplies’to laminar flow. The velocity gradient in-a—
few layers of molecules is'very steep even at low velocitiess .
‘Hence, although thefmagnitudeiqfftheﬂT;Which,has;tO'put;intosthe
J;quation;iS“notnknbwn,'1argegshégnfgtra;ps‘Qqnﬁpgqur,whiQh,mayﬁjy

:bg'mqakgnea.byntupbulencgsg_Q:.

£

ki e s bt e

RO iyAnotherfpr0biemf_sﬁthgﬁstatéfof”the,adsdfbé@{layerBLat,the.
interface;, i.e.,  whether ‘this layer is predominantly liguid or - -
solid in its properties. 'A:definite solution hHas not been pos-- -

“§ibles  Only let it be recalled that one-boundary layer may-be " .
‘displaced by another one which'is more active, so that one has. /-
to -assume a certain mobility of the adsorbed layer: as'long as . -
iitﬂisvinfcohtact~w1th'aAliquid.j_if;ghggCOnsiders;the?Dupréﬁxg L
eguation for the}maximumgworkioutput=againf(Seeyeq};(ﬁ));thengi;.'

one notices that the work-has to increase.as G "decreases, The '
maximum wdrkfwhich‘is’alsofg<measureloﬁithe_We%%ing,tendency is
a meximum when G, = O (miscible substances). ' From.this:.it . -

‘Pollows that when two points of 1ubri¢atidn.(capdbléﬁf?fél"ying)"

are brought very close together a competition will ensue between -
lubricant molecules andySuﬁface;atoms]gf:the»pqintfof lubrications

The limited mobility of ‘the atoms'(molecules) of the solid is a -
dec_i'sivie''féctoréa?;is,uthfe_”c_li‘splaceagbility;ar‘;d’i;si’;ze*of'.ffhe‘1u'bri-,;t
cant moleculess~*/ |l U
" If the lubricents céntain substances of- high chemical acti- -
ity so that ‘they can directly react with the :point of lubri-. L

_catiOﬁ*they-wil;idissolvé}atpmsQoutfof.thw"soiidfaggrgga;e;‘thhS}f
forming new;substanceSQefmostlyﬁpfjan;amcrghQQs-brvhighly;viscous;

kind.. Theichemicalieffect‘isﬁsﬁrbnglyﬁde@endept“dn~température;
-Thertemperaturefobservedvatfthe@ppint*qfVIﬁbrication.dQes“ndt‘ '._
matter4because]66nsiaerablyJhighef’temperatﬁieéfmdy_ocdur,ath o
~the.féw;pqssib1e~pbints;of*contact;or'of;pPOximityfofﬂthe;‘.g

sliding planes.. ese higher temperatures may be equalized more

quickly when the temperature of the bearing is low and the '
thermal conductivity of the bearing and of the lubricant is'

high. .It_depends*qn*the‘veloclty‘of;reaCtionfwhetherwbr‘not#aj.
temperature "flash" will have eny effect, This &lso applies = ..
to the thermal and oxidative stability of a:lubricating film ..
in general. The conseguences‘of;chemiCaaeldbrication‘consis#» =
of ‘corrosive planing. down of the projecting microscopic and
‘macroscopic irregularities and the admixture of the lubricating
.film~with¥1iquid~orfamorphousvcdmpounds,..Thefabrasion‘whiph S
occurs, and which is' a function of' the lubricant may, as has ...
‘already been: mentioned, be caused in two ways.  Either, the  .%

projections which may or/may not be covered with lubricant may -

be broken out of the-aggregate when they strike on one another,’
new hollows and therefore new projections being formed, or, T
atoms or particles may be torn out When high shearing and .. - =
.tensile-stressesuoccur3When.twoflubricating,pointsislide}past“‘ﬁ
ior_301t<6Verjeach;other,ﬁ‘ThejsmallestfpartibleSan.atoms-obcur-j
ring during normal wear are extremely reactive and are:probably.

aalready:indise@}by‘the[qugen present in the-aire. . -



" problems in lubrication from the point of wview of friction must
register very small changes in the friction of lubricants of
‘practical interest, the readings being: guickly and accurately

JireprOducible;ativariqusftemperatures;i;Asgthe;availablégipstrugtT

- ments for vari us;re&sqng;didﬁ__t;offerﬁaﬁyﬁinddﬁementgtbﬁthéirg”
.'being*employedgin,anjinvéStigationﬁpfathisgkind;ithe;instrumgnt;i:

IrWas3bﬂiltﬂwhoéeﬁpriﬁcipleﬁmgy;be,éeenffromﬁtheEdiagramfinffigilQﬁ

fIhwadditiQn,toitheLqualities}mentionédlit{has;thefadvantéges

‘of simplicity in construction, case. of manipulation, and of --— —
1iallowing;theﬁcxchange;ofgsimilgr;1ubridatibnfppintsiﬁjlﬁ_conSists,

. of three balls fixed in one plene (the third ball not being =~ =~

‘‘vyisible.in.the figure); they form the guiding bearing., A fourth
;}ball,serves;gs:slidingvdey:ﬁ;Weuarefheré;dealingfwith:afqase{ f;{g
- of "three-point contact" (IX) which allows the use of high -~ ... .

pressures per unit area and-a good reproducibility of the points .
of contact, the degree of smoothness being high. With undemaged
.ballégthe?distributiOnTQfﬂpressure”at'the;point:of,lubri¢ation‘;,
- varies widely, being governed by the "Hertz flattening" end thus.
.we have & state corresponding to g :lubrication slit under. ... .
fpractiCalgconditions;.'Thefthreeilower_balls.are.symmétrically,,
;[arranged‘inia’cuplbuiltfintofa;thermostat.f'The’fourth_ball:pro;.
~wided with a ventilator wheel, runs in the bearing formed by B
~ the three other balls. The.ventilator wheel is milled with -
=1radia1'symmetry;=any.aﬁbitrary_load’may_be’applied.ﬁgﬁitmpy_' ‘

- means of:weighted13c5ﬁwhich-arejmounted‘centrally;,it;is,driven‘
by the air from two tangentially symmetrical nozzles. The air-
jet may be regulated by means of-a flow-meter or menometer so ' -
that corresponding to the resistance to be overcome by the - .-
. wheel,and.théﬁball;ﬁthejwheelﬁcan'just be kept. in uniform slow: .
- motion,  The friction in the counter 'bearing may here be. com-
 pletely neglected. A nozzle (not represented in the drawing)
- through which air is blown manually by means of a rubber ball, . . .
" is provided to set the wheel in motion. -In general the actual -
mgasuremenﬁVis_so,madeithat‘by altering the velocity of flow by :
0.2 litres/min;Lthe;rotor,»whichjuntil,then:has;npt~beenfrunning ,q
uniformly, now runs with uniform speed. - Prior to this adjust- - =
ment in airbflow-the,rotorishOuldgstop‘afterfone_slowirevolution;f-
“and. afterwards two“or.three*complete,revolutionsfghQuldTbeﬂtimed;
1The'necessary'ccnstantVtempegature~iS'attained;g}th;a"ﬂprﬁler'4:
“ultra' - thermostat, type H. f)’*A "Rotameter" %/ 1s provided
" for measuring the flow of air, the range of the instrument is

between 5 and 60 litres/min.

IIT. ~ ~ ~° Bxperimental results -~ -
The force imparted to the sliding bodies from the’ventilator -
wheel cannot be ‘directly. computed from ‘the eéross-section of 'the
nozzle, the volume of air, etc. * As the following experiments .
dre carried out mainly for purposes of comparison, the effective
force is not measured in units of force but given in terms of -
litreés/min. of air. In order to be able, however, %o determine
the approximate value of ‘the coefficients of friction, parti--.--
.cularly ‘the dependence of friction on .the pressure, the effective
force was measured roughly. Two thin.threads were wound-on the
'shaft of the rotor, for.this purpose, and led horizontally over
two pulleys in opposite;directions;parallel;to,each~other.v”Thei'

. threads end in two weighed aluminium discs which may be loaded
“with the necessary weights. - The,rotor will require a certain -

- quentity of air per minute to be kept in uniform slow motion;. -

 therefore the air is throttled or opened step by step and the

~ ‘dises loaded until the rotor againexecutesuniform slow motion. .

.~ The curve in fig.2 was obtained on consideration of the fric-

- tional resistance of the two pulleys as a function of the load.

1
e



. I.G.) with 3863.cst

?ithe diameter of t,e running track fithe running ball was taken'“
to be 5,77 mm. =10 ‘the axle of the rotor |
'*6 05 mm (ratio?of diameters S '

G xThe norma force N, ,esultan of the. forces normal bo i
“‘the. tangential planes’ of the;points of contact (points of: lubri-gﬁ
cation) of the balls has to be known before the coeffic1ent of
,friction can‘be calculat] ‘ : 3

ifThus, in order to obtain the sum of the load forcet one has to B
[»multiply the weight of the rotor by 1.225.'ﬂ;» ' L

- When the first tentative experiments were made on the effectf

a}of the viscosity (measured in the usual. Way) and the load, it was.

- found that a highly fﬁsoous h drocarbon oil H: 140 (H-oils of the"

: /. at-20°C. - gave . the following values in S

-ucoefficients of friction (/& R) for the: same ‘balls.. L
B ,

_‘}Welght of rotor o Resultant load itres air/min.k'ggy/u-~
' in-gm. - ;.V,'v 1n gm. T RS B T L
(1503 E i 180 -.;a4>‘j;a 0,100
250 ;f; B0e 41f26 o 0,101 ¢
500 '<L x“q.s;a~ 612 _tg“;a,ygase 3 0,106
750 920~—~7-; o ag :‘_v; 0,104

o 1ooo S Tames o 48, 2 L 90 ,105
A hyd*ocarbon oil of low Viscosity, H16 W1th 524 cst. t 20°C.,f'a
also needs 26,0 litres/min. with 250 gm. rotor weight applied to :
“the same balls. An "active" synthetic oil of the DVL With T
11970 cst gave the f0110W1ng values at 2o°c._ -

Weight of rotor tr.f;ﬁ‘ litres air/min. e ?~jlf_v‘/uv f e
250 ;vaif'._’, ”"[ - 20 l et e 00,0800
800 L <:“‘f“‘ 28,6 . 0,061
B0 e 86,1 o 0,086
1000 A *';? -89 7') S 040656

" The measurements were exact to w1thin + O 1 litre/min.lsJ

From this it may be seen: that: decrea51ng the 'viscosity by the

factor-10 produces’ practically no change in the coeffioient of

- friction in the example quoted.» When the" composition of ‘the ~

lubricant is altered the /- ‘value is reduced from 0,101 t0 O 060.
Neither do the values seem to be dependent on the pressure. - . :

.. Abrasion, in the form. of a running track (more visible by breathr‘f

“ing ‘on . the cold ball) may. be observed after the rotor has been .
running for only a very. short time; abrasion may also be seen

~in the form of worn areas on the lower balls.. The quoted ex-

_.amples show that: the machine does’ actually ‘operate in the re-
'quired region.  The accuracy and the’ resolving power of the.

"~ instrument - are high"thus, ‘Por the present it seems suitable

- for.an investigation 1nto the region of lubrication that is of
interest here: S o e ‘,1, : :

R The following questions or effects have to be investigated

: with the aid of examoles before any relationships oan be found

R



niformity of the surfac = 67
. ‘Chenge in the geometrical form. S .
. --lubrication during the test.(wes
‘Strength of the lubricating film. .
"Effect of surrounding atmosphere 4
*fChangéﬁinrthejSurfé'e;étructuretqf the point o
U lubrication due to the lubricant For
). Nature of-sliding of ‘the rotors . .- i

" “Surface roughness of the working material. In addition

" thepe ave the effects gbout which direct infor- . -

oo mation is wanted. -
9,) Lubricant. T by =
10.) Loade . - o L I chlt e
114} Temperature, - oo Sa T i L
..12,) Working substance. .

J'91'{fIﬁ théfﬁféééﬁfﬁﬁéﬁéffﬁréliﬁinaryJanéwérSgareggiyén’to;fhes¢¢
' ng thorough and eystem:

questions, thus.paving the way for later more
:‘atic5;nvestigationq;;pj(G s g e

‘1;)r501eaning10fsthe_pointSQOfglﬁbricationij13,;1u‘9,g;a.vu_;:ﬁ,l
“The ball<bearings obtaiﬁablegfrom,thefinﬁustry.léf) re greasy.
‘and contaih mechenical impurities such as-dust, ete, They are -
carefully wiped with a cloth moistened-in-alcohol-ether, then - —
placed in the cup together with the clemp ring and the gripping -
" nut’ of.the rotor; the clamp ring screw is just tightened so far
~'that the ring does not £a11 off; ‘a small funnel, -whose sharp . -
edges~havefbeen]rb,’ded*pfflinjtheﬂflameingthen'plaCedsqn.tpgj‘¢ 
- pottom of the cup; the latter is thén fixed by means of a wire-. -

" loop below a reflux condenser ground to £it a flask with a long. .
"~ and - -wide neck, “The_extractiqn;proceedsfwithﬂrapid;refluxfwithjaf
mixture of 2 parts ether and 1 part methyl aleohol. A few gran- .
ules'of;potassiumlhydroxide'are_pntjintofthe;boiling;flaskéso[a;I&
as to neutralise any acid components of the lubricant. . In this
‘way the balls clamped in the cup.are also cleaned without.:their
-poSitianbeing‘altered;"The:rbtoraball’must;jafterfsome super=- .
‘Picial cleaning, be dipped into.a fresh ether-alcohol mixture end -
‘pinsed for some time with a dropping bottle. ' The parts which — -
‘have been treated in this way are warmed in the drying oven for-
5 mins, at 50°C end while still warm are dried:in the vacuum - .
_desiccator (without CaClg) by evacuating and allowing in air
~three times. . . P e T e e
RN FrictiOanithout;application_of_1ubricantfat,at320963 ol
Method”ofjmeasurementi-,Only‘during.1/3}dff0ne”revolution does .7
the rotor ball (6,05mm.) have & free course. . The measurement is .
therefore not carried out in the. usual way. . The ventilator wheel
‘is turned by hand over very short\distancesband.ittis;observed\’-
‘whether there is any tendency for a continuation of the move-'
‘ment. The values obtained in the experiments without lubricant
can be measured accurately to within asbout + 1 litre per min.
The reproducibility is bad. See 4 (Plate 17.18) regarding the
- connection of the-normal measurements with the ones obtained ‘
~in the way described here. - . . .. T AR
o AR AR DTN e e e T
~ The experiments were carried-out at 20°C. in a nitrogen -
‘atmosphere with a rotor weight of 250 gm. Cleaning for 10 mins.
,'gave-resultsvsimilarAto thosefohtained_after,20‘mins.jcleaning,
- viz, ‘about 43 litres/min. (0.3M) over the first thirdof the -~
. path. Up to the third third of the path the value rises to .
- gbout 46 litres/min. (0.4 4), within 2 or 3 revolutions it then
rises to above 60 litres/min, (0.7 A). Other measurements gave
50 litres/min: (0.45/) even for the first third of the path.



vfIm'afifar as there- s
f attening and reformatlon,of ‘th
t uring the:

frflxed balls, RLE
S al normal determinatio' t

f flcatlon) with the. nuﬁber;of
L from_ihe following examples.

RN e 2l Wh___‘.‘Very faint uniform grooves
1 hydrocafbon B " !"having ' an elliptlcal L
Cedd e L ‘boundary .

R 0 08, O

892 cst bf S 'ﬁu

R Speedwelln 2865 «;Well-marked grooves,
./1044 cst. S “having. an: elliptical ST
T N W LS ey | boundary dlstorted almost:f

) RO SR T e rectangle - S
Sl | |Froosoo9me

‘ :ilOfof’ﬂ}@ffj]425740.”f 95,7 _f*'Unlform grooves havlng a f“
ey e e after nearly: elllptlcal 5

e T e 100 revs. ‘boundary:.. N
N R 25 5 1'g 2.0.08; 0. 09 mm.w1th
S e ;3;..more deeply marked cir— i
1 eular (¢p 0.06  mm). area',g'
| of wear,- coloured light .

‘brown, in the mlddle... fv”

=100 e Speedwell | 22.7 . Uniform grooves, somewhat_
PR AL A co e ot after | more : accentuated than in R
ﬂéAleO revs.-425/40 _ N

100 e Synuhetlc ;,19.5-.=; Very uniform very falntfa<
e T B o oll ~after | grooves,. hav1ng an el-
88 IV»DVLH 100 revs. liptical boundary.v.,,, L

--(1970aqst);~; 19. 5 ,ﬁ,: 0. os 0. oes o

)

600 - : *y“}425/40335-'ﬁ25.9', Very few grooves With a. -
T o] after harp elliptlcal bound—,_
Gt o 1600 revs.:ary :
B R R Y i 1= N 1 :¢ 0 08 0 095 mmm, -
‘600 'aspeedwellz’;.za 5 ‘[_Uniform Well-marked |

o S oopafter o rooves with a sharp
.. ].600° revs. %aagged) elliptical '

e 25.7 i boundary. =
BE g o. 095 0. 10 mm.'.;'

IRERE




‘Rovolutions of - Iubrican
. wotor,’ dbout

fn}hg»Iﬁféohtfééﬁfto”theypreceediﬁéjéxperimeﬁﬁs;?fhéfpbintfbfl
xlubriCatign,had?a?concaVe_appearanceLin*theylast;four"experiéw

*ments;;'Theﬁtrack:bf}the;runningrbéllfingtheqthree%lastrexperi

‘,ments:issdirectlyﬁvisible;ﬁinfthe{piecéedingfexperiméntSQonlYﬁr;,[j
.'afterlb?eathing;Qn}i#-{,wia'“p«‘%*“"ﬁxifJ-d:*fT“ﬁ AL

. Ihe alemeter df the worn aress of the stationary bell ls’

71éfger“th&n?the}déleulatédvHetﬁzyflatteh“ngjieven;aftep%Onlyﬁa;»: g2
few revolutions of the rotor; this is dué. mainly to.the roughness

pfﬂthelball-surféces;apart=frbm.theﬂinexactness~inftheacélculatiOQ;'

Theediémeter~qf4ﬁherworn~areasyincreaseSfappreciably‘onlyfafter.
the concave shape has been produced, so that the distribution of. .~
pressuYe over the area of lubrication chenges steadily up to 600 -
revs. (run of 30 mins.) for a more or less consbtant average load,
without any appreciable%change;infthe;coefficientxbfjfriction.;»~”
The amount of gbrasion for the thin H 16 1is distinctly greater. . -
than for the preceding oils although there is no difference in . -
the velues of the frictiom. = =TT

v1.w].‘Since:the'amount‘of.data;availablejat‘the‘present:time'iST”
small, particularly as regards lubricants of very low-molecular
“weight, it is still‘tod'eaylyjto;enter‘moreffullyiinto the

~”mattersajuSt,mentiongd.lgﬁ e AT S g e

'4.) Strength of the lubricating £ilm. - - —
" Tne determinations were cerried out with a full cup and with the

+balls well. -wetted. ‘In this way the properties of thin films . .. -
“were observed, . o

B '*ExpérimentéifVaiués'wnichlhé&é'beéh 0b£aine&;With,fuii‘éﬁﬁS ﬁ
- have been related below to the results obtained with the balls . '
,1ge§ged~(about & -drops of lubricant). Weight of rotor, 250~ gm, .

T7B09C, miP. T o e e

| Iubricsnt Viscosity TFull cup Bslls wetted — DifféTence
e pst.(20°C).gliyge/m1ng_ 1itre/hin;j j litre/min, -

. -ags/a0 892 0 25,6 265 0.

‘Speedwell 1044 U281 82,8 . = 0.3

S8 IVIVL . 1990 . 20.4 1970 = 07
RI400 . 8865 . 259 85,3 1 - 0.6
H16: B84 . 2.2 2.5+ 01 :

'§h¢ highérjva1uéstf fhe,ffi¢tidh,withifhetfuil'cup{are,bfdbéﬁiyf'
,;dne,to:the_visgosity‘and=possibly_to.thixotrophyﬂ(at the bound-
‘ary faces) since a. deficlency of lubricant in the case of the

“well wetted balls is not to be anticipated to any greater extent



B der -to' produce very: n:
th folloW1ng:mwo methods were: used..

Solu, ona;of lubrican\ 8 enzene were uoured on to . the balls
i{nthe cup and: centrifuged off again after a. deflnite time (5
_min, ) end then dried as usual. . The clamped rotor ball was-.
" treated; Bimilarly.. The measurement was: carried out as: indi-.
“eated on page 7. (for &8 +third of the paih).m_The rotor ‘was not
“however. set 1n motion by touching ‘it with. +the “hand’ but by vi-
“brations set up in:the instrument: by impulses. ‘The. accurac T
“in this case is about'+0 5 11tres/m1n the. redrodaclblllty whlch ‘
depends or. the kind of impulge "and the: sheking off. of the ‘solu~ '
~tion is + 1. lltre/mln.,welght ‘of the rotor 250 gm.,20 G nltro
cgen (except in experlments By 4, 9).u;;”f‘ B
‘Iubricant. fllm from 2 S

revolu}iuns e e 30 ) o ~,gf.q;ugg;u)
1litre/min . L gYe ]
for €on/d0 28 5 2. 5 28, 5 28.5 27,8% 29 5 29 '5 _.'\2@_.&5
litre/min

for 25525525525526529556.5595455
Speedwell a 3,1_ B S
Measured in air (exgeriment 5,4! | D »-f"
 Number of - /5 2 /5 5 /5 % e 1 ;;-"1‘¢', e .20 ’.28'0'_' 1oo e

revolutions Lo
“Titre/min T on 5 27.5 27.5 21.5 26, 1"0')_ 27.5 27.5 25, 5 é'f 5

- for 425/40

litre/hin : ,‘ ey ' e '*““?‘vfxffli :
Lor: R 25 5 25 5 25 5 26 5 28 5 50.5 55 5 46.5 B
Speedwell i , BRI P N 7§u!ﬂQﬁ“- :
Lubricant film from 0, 10% solution Ga T e
Number of I
revolu};ons 1/3 2/3 5/5 - 1085 .85 40 45 ::50;auv,
litre/min- . 54
- for 425/40 29‘L 29 29 28.5 28 5 29 5 52 5 56 5 44:>50
11tre/h1n 3 : ol SRR .
“for 25 5 26 5 27.5 41 5>so U k
Spcedwellal,- o ! ' A e _
Lubricant film from O 05% solution :ul‘flxl S :
Number of R : A cig i B :
revolutions ‘,1/3 2/3 5/5 hoA& 8 14 20 - 80

for 428/40 -
lbre/min
ofor - B6.6 . 50,.5»51.5 36~ )50
. Speedwell: e T e

‘itre/min . 28 5 29 5 29.5 29.5 28,5 29 5 30,5 34,5 )52



litre:min
for 423/40

Under~loo foldpmagnification thehlubrication film on- the rotor :

ball is still visible when it is mads from'a 0.05%.sd2L: ) The

‘effect ‘of the time: for which: the bells are. in contact: with the

lubricant solution was also investigated dnia particular ‘casey

: . In the:measurements: with thin
films the - rotor is more eesily set in motion in the casc. of com-

: pounded oils, than- in the cade of ' mineral oil and more essily than:
with normal wettingi’ (decrease. in "static friction")-(extensive e

‘ orientation of molebules).1*= ; v : b

It is scen that thin films are quickly used up or destroyed
and that for compounded Slls this occurs quicker: than 1t.does .~
for- hydrocerbon oil. Causcs of this might be. ‘different oil—;
‘consumptions ‘due to- different types of abrasion,- ‘differences in. .
“the rate with which more 1ubricant 4is supplied to the- lubrication
{.point, and’ temperature stability - these questions are’ still
being investigated in detail.. ‘ _ e

The following values were dbtained With the normal methods
“of measurement, weight of rotor 260- gm, 20°C, nitrogen.;of :

Number of TR ':1 .ﬁ.fﬁa;:y”' '--" R
revolutions  ~ .3~5 ° 165. -~ 80 80 - Galibration value o
1itre/min D .,~v“ of balls with =
for: 425/40 :,;*'~27,+1 28 .~@8 - @8 425/40. 26,7 litres/‘
from a’ 8 B0l e e BN min.:.r- ‘

e G e »~~~e-~ SR R e et
: revolutions Lo 5-5., 15 50 - 80
. litre/min ,« B o
" for 425/40 i ‘ SE I
‘from 0. 15p 301, 25 7 increasing rapidlyex
~kulitre/min : 'e*,“iwjg~f::.t%{1f“‘ Sl e
ofop 25-5 . @5.2 27 B2 increasing,rapidly
'from a 0.4% sol- g" i S e -

R Calibration value of balis with Speedwell,
o 22 9 1itres/min.,;;;

SRR



'j‘-li‘tr‘e'/mifn o
for 428/40.
from 0.06% sol
“and wetted with

Speedvwell

5 fmereton of the el dn It na cenirifusins

Jmsfcentrifuging”was'donleorfafhbubs:atySsoogrevs/ming,}AfterJ‘
centrifuging thewballs;exhibit;a”surface_glittering*with'cqlour;k
The o0il film is 8till SOithick*thatTthejtracksiproducedgby;af*",
needle flow together againfslowly,;**The}resultsvshow;gzgwsameygf
.tendenéiQS}asuthqse[with‘fi1m5¢produced'fpom‘solution},~f_kahef3
qrunning;track’isjrather,dryﬂinjtheﬁcase oftSpeedwe11fandvit1isjyx
’Jcovérede1th,brOWn_grindings;5Withp425/4O on the othér hand the
gvrunping:track38hows‘no*appreciableygrindings1gndgis&w¢tted1wiﬁhv :
P e =

EE The centrifugalmethodshould be particularly ﬂ-’s‘ui;ta‘bl_é_ for &
_testing ball-bearing greases, =TT e

7;5;){Effé¢£:§fathéiatm¢sphére,tiQ»3 _;.,iwajf,‘jgl;fgﬂ;f;f.]_f j5f
_fﬁe"éfféétidfﬂbx&geh'6f;£héfairﬂdnfvér#-thinliubfidatiﬁg'filmé Gl
was now shown; in the presence of (air the filmswwereideatrcyed.;g'
: somewhat¢more;rapidlyathanfin;g;g4jrqg§n;atmosphere;t Tests were. -

;also,madefqnfthe>effect,of{varicus;g@ses;gthe;sémetballs Wepe»]gjl
-f&lWays‘wetted_Withu425/40;‘theijereiléftﬁfor~15gminSQeachjin_an'ﬁ
‘ atmosphere.offnitrogén,woxyggn3;and*carbbn,diQxide‘réSpegtivelyug-
ﬂrandfthengratedvin'the,machine;-’TheﬂonlyAdifferenceVWbsﬂdbserved?

"in the case of carbon dioxide (decrease of the friction value by
9,8 litres/min.) but even then only within the limits of experi-
ental errore oo e L I

5@)’Ghaﬁgé in thé7éﬁrfaéeiéﬁfucturei¢ffthélére%;beiubficét;on}f{;f

- duel to the lubricant, -

Visible wear (under 100gfoldnmagnifipat1¢n$-OCcurs;,aé:haSw'~,5;};;
alfeadygbeen-shpwnjxasgsoqn‘as;the'rotorVstéitéfrunning;;theftypev 
of wear being dependent on'the lubricant. used; evidence of this

is to be observed on the worn areas of. the three fixed balls. A .
COmpounded.oilfof'average“friction'values shows deep grooves .. . . . -
whereas ‘a hydrocarbon o0il of higher:and.a;synphetic;Oilgof»lowen*1ﬂ
friction-Value:both-yield.uniform,.relativelyvSmopthiabrasion“;w‘*'
‘areas;':These’visible-differences'in,the'surfaceﬁasiwellﬂas the -
differences in the grindings and the oil reaction products which '
are'npﬁjvisible,mayiaffectgthe*friction&deﬁisiVely;.;thiS'mayﬂif‘
'be”seenvfromJthejfolldWipggtests*Carriedgout]underjidentioal,”

vcopﬂ:!;tioiis_.‘" o



_ ' The’ oils 85/45 and 52/44 were e :

u? a special run~-in was. avoided) 4in as- short a time a8 p0851b1e o
- (3t0.5 revolutions). “For each: sequence the ‘same - set of" clamped
ﬁballs was. used, Weight of rotor 250 gm, 20 G, air, balls wetted. o

Lubricant . ' 52/44 85/45 85/45 “‘*52/44
litres/min.f*‘ﬁ"' o — L
1litres/min. 25,1
”Lubricant.fp‘f}f"°“; i
{1itre8/mih;‘ﬁcé‘ 2642

T {‘{ 25,1 after 24 mig%t?s
R e e i : runnine—in s
" No ehange‘was produced here when the points ‘of lubrication were
,,wiped with cotton cloth before the usual eleaning was started.

_Other 01ls ; also those wmth very active groups; such as SS IV DVL h
wdo not: show the properties exhibited by the 011s above. S

fLubrlcant 85/45 ss IV DVL o pa/as
1itres/min._. 26,1 ;’ 20, 5 };;k_.ze.l

Running-in pronerties of a highly compounded oil (Speedwell): o

Rmmngqn[ 26)
time in mins.w‘ v - — :
litre/min, - 22.7 ;~23g4;e{25;5—1w25,71:.25;7 28,7
litres/min. ~ 28.5 85,9 - 23,9 ,24.5’f]24.1 28,5
litres/mini . 28.3 285 25.9, 24,3 24,9 25,1

The" values thus have a very low degree of reproauctinility.,

H 426 (Ester) for example has better charaeteristics in this :
respect. S R i T e e e L

Running-in T R R S
time dn mins. 0 - B SRS - 1 S
1itres/min, = 26.5 - 28,1 27,9 - 27.9
,litres/hin. _”'26'4'“v28.l»”V27.9.’]_.f“

P

V-The hydrocarbon 011 425/40.

Running-in B SR R PR o

time in mins. - R .- 3 . 4 . -5

] litres/hin. 26,1 26,1 26,1 26,1 85,9 2549
CYitTes/mim. " 25.7 25,8 85,5 25,5 25,5 25,5
vlitres/hin.a 25, 9'-*25'7' . 26,0 26,0  26.0 26,0
‘lltres/min. ,“‘25 5 25 3 85.3 25 3 25,3 ,25.5~'

“The lubricant SS IV DVL

iRunning-in,f"; 9 o S h R
time in minss .- 1 2 . B - 4o 9
.11tres/m1n. 2043 20,3 _»20.5 208 2045 20.3

/.

From the second ‘and third row of the table of running—in eharacter—-d
istics of 423/40, it 1s evident that initial irregularities in '
‘the surface had,been removed in the running—in process. .

BN



Those oils which doynot appreciably affect the#area of[

""_ the reproducibility - of the

- : be ,, same that were mentioned in
.explanation of the increaseﬁinitheﬂfriction;values;forﬁvery
f;thin films, viz. non—reproduceable factors””.‘".”vF T

‘meny 1ubricants. “The.

"lubrication should therefore ‘be chosen as: calibration oils.* -
~These oils should also be: run in for a short time so as to even
out . any irregularities 4in the surface’ of the. balls (maxlmum T

time. fopr running-in, 1l-2 mins, if any- variations: are” ‘observed.

~while the calibration. Value 18 belng determinedj see above ,gg.,

example w1th an3740.)

‘ Another example is’ given Whlch shows good reprodu01bility _
,:for ‘running-in- characteristics and- for:the preparation of running-i

in trackf

The values which have been— quoted ‘here“are the max- .

“{mum values- obtained during’ the running-in. (Time of running-:

7;in. 50 secs. to 1 min.):jfra

”Lubricantf tf |
85/43 : L 25 1 (Calibratlon_
e A value)»_ o
H 4.-26 g 28 S ‘ Lo
| f)l o “ﬁfiaa 5 0 difference‘gg'.
'~»"v-'. -' vﬂnﬂ E

7 ) Type of sliding of the rotor. :

During more rapid movement, partic
“the rotor very casily assumes & mo

o 1itres"m1n»g:5ffff

,_?ﬁThe difference of 5 0 cor-
;v.responds 4o the sum of the.

',differences of 2 0 and 1 0
1 O difference R

Lubricant litresZmin.;j;v ‘

H 8 ‘ﬁi " 26.3 (calibra-
e tlon value)

28 5 : !

e 2.0 difference

i

ularly on th1n and very thin oils,
tion~which is" accompanied.by a

- ‘singing noise (X); the values obtained in this state are con- -

sidersbly lower then those obtained in true sliding.

This kind -

- .of movement was avoided in all the’ determinations, esge in dry
" yuns. the rotor. was allowed to slide very slowly over short lengths

‘”‘of its. path, thus foregoing some accuracye.

These determinations

" have been specially marked. in the present report because they
cannot be compared dlrectly w1th the normal measurements.

) Surface roughness of the working substance.\

_ with hydrochloric acid.

The roughness of the surfaces was produced by etching the balls ”

| Etching (of the cleaned balls) 3 mlns. with 25" Hcl, weight of

“rotor 250 gm, 20 C.s air, balls wetted‘«-

,Azfor Smooth halls .

'Lubricant . lltres[min. 4&' '
' L : o . gbout )
423/40 29,7. 157 (calibra- ( 0,101 )
: SRR e tion value) :
“8S. IV .DVL 27,0 . ° _00110 - - : - ( 0.060 )

0. 027 difference ;=5

O 041 difference

[ e S



Running-ln characteristics of SS v DVL.v~

Running-in time in mins.ﬂ

-

B litres/min.

Etehing. 5 mins. Wlth 25% HCl, Weight of rotor 250 gm, 2o°c, axr,i].

balls Wetted.,;,b n~~.,n
Lubrlcant 423 40

Speedwell

'@27 2_27 2‘27 2 26 a 26;2 (levelling up);jﬁ

425/40
lltres/mln 20,9 R - 9 .
- litres/min ﬁ">; 8040 87.5 29, 9

‘after running-in for 1~m1n.«—e;{fﬁg,*

/

Experiments are.- planned W1th deeply etched and W1th sandéblasted
‘balls. - In one ‘experiment with sand-blasted balls (wh. of ‘rotor,
calibration 0il) a friction value of
305 lltres/mln. was. dbtalned"W1th Speedwell

-250-gm; 20°C:) and 423/40 (i

mino .

it was 28.1 11tnes/f:

The resolving power of smooth balls 1s greater than that of

rongh balls.:

94 ) Influence of the lubricant._~.'

‘Here the main. task is to determine the resolving power of the ;
_machine and also the. characteristics of .the lubrication: reglon in .
“which it works. . No- relatlons ‘wepe -therefore sought .for the = -
present between coefficients of frictionm, the composition of the
~Jubricant and the physical: propertles, with the: exception of - the_ o

- viscosity.. . A11 the determ1nat10ns were -carried out with 250 gm.
rotor weight at 20° C. in the présence of air and with wetted
balls.4 0ils having greater viscosities than the ones mentioned
above: were not available; only few measurements have on the other
‘hand been made with oils of low" viscosity (below 100 cst at 20°C, )
so -that insufficient experience-has been gained in this region; .
‘the: few values which have been obtalned are. therefore reported

Wlth some reservations.-

/ .

: In the - table below the v1sc081t1es of various lubrlcants .
(150»- 4000 cst) are related to their runnlng-in character1stics.~m~

Lubrlcant .

(Hydro—~ v H 8 H 16 H 32 H 88

‘carbon base)

L/l40 85/45 425/40 135/45 224/58.

25.1

Jcst at 2000..145 524 759 2555 5865 898 895 780 1281‘~
. calibra- , ’ S ,
tion -value: -~ f‘a.v‘,,_fa_i, o v o B
with 423/40  26.% 24,9 26,3 25,7 253 25,3 26,5 . 24,9 24,9
»lltres/mln. e e i e Rk
1litres/h1n. 2643 25.1'25,5;125,5 25.1 25.3 25.5 24,0 247
after run=- - RS L o T e T
,n1ng-in time L
in mln.. ‘ | | : .
1 _26;5125;3,25.1 85,3 25,1 25,8 25,8 o1
2 25,3 25,1 25,3 25.1 25.3 25.3 24,1
B . 25,7.85,1 25.3°25.1 25.3 85.8 24 3 -
5 85,7 2548 85,5 25,8



Lubricant

Cal ibration’
\'_‘jvalue W:.th

,;-“'."glltres/mm
after, .run-~

r¢25 1f?ﬁ

,Table of frlctlon values determ:.ned from the a'bove data Withou‘b‘f
k-»runn:.ng-:.n.,, R e e v

Cmwbricamt ol - '”"‘) A 2&)' :

Hydro- | - H 8 H 16 H 52 H 88 H 140 85/43 155/45 224/38

_carbon basee

_cst at 20°C. 145 524 759 2355 5865 898 750.,___l1281ww

Tt 110 o. 105 o.101 0. 098 o. 1oo o 101 0.092  0.095
o 'Tlﬁfl“l:" | 8 o ) e _’”

- Lubricant .. H 4.-26 Speed- Kompr. SS IV Ab. I ASM Hy oid HDL
active - - well 185/45 VL ‘Ester +18/39 558/42 557/42

. gubste P R e

ot s o M
cet at—200C, 187 1044 1096 1970 6600 1104 , 927 943
.f i,lljau]_” 0.114 0.079" o 094 o oso o.114 0.106 o 101 0. 101

_ ,Value af'ber 0 129 0 09 Dheri i L TR "
running-irrarv R Sl N

' Coefflclents o:f' frlctlon of some su'bstances of low vn.s-cosity
'(Worklng with a full cup). . A

: Lubricant. Sp:.ndle Perhydro- Refr:.ger- '( Bone Cetane Cetene Ethyl -f_
SRR ool chrysene ator oil - oil KT Alco- :
‘ : -160/58 L ni 159a/58 v . _hol:

st at 2o°c. 148 85T [fl}aq;s.--7 3042 74;47' 4,45 1, 52
I»,ZZ];;, | o 127 ’0;157,’,j10;i25 0,17 ,,o 461 0. 125. 0.7

It should be ment:.oned ‘bhat ' gote 01ls, when left on the balls for
a few days, show g{o?s in the friection values: varying from 0.2
$0.0.6 litre/min, Reactive additives have little effect. at o
'209C.  Thus & hydrocarbon oil. (98/43) with 26.1: 1itre/min,only _-~-
showed ‘& fall in the £rict10n value down to 25,4 1itrg/min. after
2% 88 IV DVL had been. added. When 2% of oleic acid was added to
the seme o0il: the reductlbn \J.n the frlction value amounted to -

0. 4 litx‘es/min. :



The reproducibility of th_tvalues]' 3

‘without running-in was + 0.1 11tres/min.t

the points mentioned). “When' lubricants show marxed and immediate
;in*deviations ‘the reproduci : a811y be made

- ‘ ithin certain limits the is osity_at °C..measured
under.normal onditions, does: not: affect:thelfriction.quhere~these’
“1imits are. overstepped friction rises. somewhat, % -approaches. the‘jx
‘values for dry” ‘friction: with substances- of very low-molecular o
weight. “The ‘conventional: Mactivity" of an oil is in no way:
‘measure of the friction ‘chardeteristics.  Une. Tas to .pay final
“attention:to: frietion on & pretiously used slidingxsurface.and
on one Which has already been runrin»“ \ g

10 ) Effect of load.%u_

Two examples illustrating the effect of load have alreadyteen f
given at the beginning.‘ The follOW1ng ones are added'f’:*'~,‘ff

Lubricant ';ﬁf7ﬁ”f. load litres/hunJ-ﬁH¥ ”J';

.;1;Hfiei'l?;fsv’f,_J;7'250,ﬁ7{¢t . esal . 0097
e E%e . ssa 0,009
a0 Clars O 1°5f>.u;

- 133/43 ;*Lv«sJ-_r*14o,fﬁ~”v_:#;Q19;7a,4f¢;;izyo 100 e

T i ge0 BB T O 100 - -
. BOO BBl 0,104 -
;;,1000,; 48,5 o 0,107

(88 IV/DVL : Vg 50f*”)v?-j, R T G 70,086t
I e AN R & S IS 200‘,;,;f 01965 o 0 064
—5’"_3 f : =_if;_ 250 ;ni’i'_ﬁ*]2l.7gTTgfy,‘t 0 L055'w'1’*

It is seen that the coefficients of friction increase slightly _
, w1th the load, which confirms the results of :the previous experi~
ments. It cannot be said quite definitely whether: this increase
18 genuine, for it has: already been mentioned that the- actual ef-.
fective force cannot be measured as accurately as the relative’

- forece in litres/hin. (Here one -has to have regard to the ine
creased plastic and elastic deformation of the balls under higher
loads. v .

1l ) Effect of Temperature. B

It is regretted that the effect of temperature which is ' one. of
“the most important - qugstions could not yet be investigated to
the desired extent. , : :

' The coefficients of’ friction of various 1ubr1cants at 20°G.
have been shown on page . 17.: From the following it will be. .seen.
““that the relative magnitudes of- these mey .already have changed :
at 80 C.: Weight of rotor. 50 gm;. 80 ,lnitrogen, balls wetted.



{Callbration‘
evalue"with
425/40
glitres/min.

litres/min,
-after running=
@in time in mins'

fLubrlcant ~Jj»MfiASM,;ffﬁfAsmﬁfijss'IV; SS v }~gkwf{§f}_l“

| gziigriiiﬁn 11.6..:f,11,5;g,5‘12.5;_s;_c:12.5”'Ha e
-—85%45rlitreslmin. T T S e

——11tre7ﬁmnn. \ﬁfvgie;ggf;l 10.7,;,' 11°7» lI\G

:fﬁAt 20 C. the ASM value is 0.2 - 0, 4 lltres/mln. hlgher ‘than the
jrvalue of 85/45, at. 8000. it is ‘lower by 0.7 = 0.8 litres/mln._t,-,

, The examplesbelow glve the frlctlon values of some oils at
various temperatures. (Weight of rotor 58 gm, alr, balls Wetted'~
- vertical slits, same. balls.).'~

;5Lubr1cant:-_».,85/45 85/45 kASM f: 155/45 «SSAfV,3:SS;IV’f
. . S T 99b/42 ; Lo DVL o DVL e

'flitres/min e e L e e e e
o eo,{ ';f3 11.8 11,1 105 11,4 10.6

A0 e T}[ﬂ?‘ N - 15 N
| : 26’[“}“sj.'é 9;§'iqa'38;9 9.1 10.2,»_; 7.3 ;1{*‘7;5

;The reproducibllity has been measured Wlth 1ubricant 85/45 at 80°C.‘
~using the same: (clamped) balls throughout (the balls- were cleaned i
after each observation. welght of rotor 50 gm, air, baﬂs Wetted. ;
_14.3 14.5 14, 3, 14:2‘ ;4.5 11tres/h1n. , e

\\\ Lo ." Vs
Loy

L At hlgh temperatures (100 to 200°C ) the! results ‘are’ also :
affected by: the change in the lubricant. . The' ‘behaviour was' there-,
fore tested both in a nitrogen atmosphere and in- air.‘_NO'values O
have beéen given since the  number of experiments, which in. addition‘
weére only make-shlft, was too small to allow of a Judgment on-the -
regroducibllity. ‘It would seem that friction was. greatest between.
30°C. end 120°C. and that it falls. off again at higher tempera—'.'-
tures.  The values are dependent on whether the temperature was .. .
raised slowly (marking out of specific sllding paths) or Whether o



‘The observations were made With balls nich had

‘coated with various metals. ' No results are avai

SUMMARY AND CONCLUSI

i ; “lubpication is defined-and its-theo-—-
jﬁeﬁigq}jprincipl”saargﬁprGSentedfbriefly;ﬂyAniinstrumentfis,thengy;
fbed with 8 ‘th%péintS%bf%i&briea$ion;which;hasfa;conxenignig

First non-hydrodynamic

~described with smooth poi Xl 1 hi . )
'metnddngzmeasufeménﬁ*andsaasimpleacOnstructioﬁp(fdur;ball'veppi
>1at6r{wheelfmachiﬁe)iﬂﬁForﬁlubricantS*Wiﬁh}ViBQOSitiesgQf~fr0m:]
t ; ! - so far, the machine gave . ...
LcOéffibiéntsjpf;friétibn~betWGEn*OgOGOtandaQ.120f(atEZOQC, jinefDQf;Q
fdépendsntrofﬁthetviSstity;at52090t,measured&underlnormaliconditionsé
A veriastion offthej‘veragejload£On”the€pointsﬁofvlubricatiqnjpetween
3000 ‘and 8000 ‘kg/cm “has ohly a small effést on the coefficient of -
vfriction;fﬁTheSeupropertieéftherefOre cprrespondjto“boundary ST
.lfrictionwﬁbyfdefinition;fnghe;qhangefin the distribution of the
‘load on the Hertz plane oscurring during ‘the running-in (wear) . .
;alsdﬁhasupractically;no;influendéjineither;has'thehchangetin»thell
"épecificfldadgcauSédnbyQ%heﬁéﬁsuingﬂenlargementhfethe[area!of’wf;~.
Elubrication.~yTheﬁljwerfrange*of;viscositiésT+ roughly -explored - .-
" down to 5;qst,-]shéws*doefficientsﬂfofrictiQQCWhich*aréionly:{c,;g‘
- glightly higher; with subStancészfvvéfjAloW_mOlecqlar¢Weight,ﬁon;'r
=;the;cher;hand,Lthemconditions}reseMblefthdsefin”dryjfrictioni,-TT’
‘Accordingjtbfthé{exberiencefgainedUSO{far'the”aCcuracyjof;the:

observations on“substanCes*Which?haVefa’coefficienivpfffrictioni{ ¢
zaboutjQ;llwisai'0,0013(i;O;l&litreS/hin;):and,it;beCOmesri,05001~;ﬁ
%0 * 04002 (%.0.1 to 0.2 1itres/min) when % is gbout 0,15, In -~ |

:genera11the'reproducibility"corresponds;tofthe”aboveyfigures whéréf

. due ‘regard is given to th

00 to 4000 ¢st that have been tested s0

e’ factors discussed in the report.. =

S ;Thé_féilpﬁingjtentétiv¢:¢§nélﬁéibnsTdﬁ;thé iubri¢at1¢n1 :
. processes occurrlng;in‘the_region‘of_bbundary*1ubricaticnwcan;bef’

“diregtly_drawnﬂfrpm_the’preliminarygexpepi@ents,‘,~v“v S

2. Lubricants - including those manufactured by similar methods -
' show significant differences in the coefficients of friction under .
sjselectedjconditions;,»The~presence;ofiﬂaCtive":(pclaﬁ)!grgups\ﬁpesvf
- not give azdirect~indication“of gobd'orfbad”frictional?character-i4;
Asticse e e R e
S At higher'temperatures'theTrelativevfrictibn valuesiof lubri—
.cants may changefor[may/even‘be]inverted.3' e R

',Their‘lubricant’filméf(visible under the microscope) which =
hayefbeenuappliedjat-the,poi:tvof lubrication and which' give the
same coefficient of friction as ‘does ‘excess of lubricant have a. ..
very low life, . The life is greater”for”hydrqcarbonsgthan,it is .
for the "active" substances having lower coefficients of friction
which have so fﬁn;pgen.tested;_‘Still:thinner‘films'immediately‘,
give higher friction values (here the conditions of the supply of
lubricant from the surroundings of the ‘sliding path and within .~
it, and the conditions of abrasion, etc. have to be taken into .

Tné friction behaviour can be observed not only on the pre=
pared sliding_surface.buﬁ also on. the sliding . path produced during
the -running-in under theact%gp,ofwthe?;ﬁbnicgnt,(variationjina ‘

the.work done during wear/cm®).






Vlseeslty in cst at oc;_g»‘“" :

20 if”"3“;50‘~ft-'=} TR

145 5 i Ba,4
324 S 67.2 0
759 fﬁx150 B
‘VJ'2355 ?jr‘ﬂ;{818 7,,'” s
LR 137 5 f,vf? 28 24 1;;;»M
128l ~]Tf,177 W6 o
o 898 ¢ 13BL.8 L
L 815,0;;, 127, 6
L8920 180,60
"5:fi1044Q."5‘ {algse : .
S1096 143050
n_'91104'”' '}fiﬁlGO 1
,;J>1051 f~‘147 2
i 927 _':_",116 3 e i
942 - 116.3 - R80T
o828 w§;¥-,:11I;7fi‘f,i:;"' W62 0 2.2
T 1970 ; if?ﬂ“;ﬁl77 5. fﬁf,;”B 94f_15{ 3. 13};;?}
| 160/58‘ 'if:,ffﬁ' o iy o “7522! ;1ﬁf;"zg% ?ff” The v130091t1es of- the H 01ls
5’159“/38 o “;T,d“”*;;’fa 30, 87ff"lih onq . Tefer to the datagiven by the
. : Tttt S e T T L TLG. and were not verified 31nce
. , o R 85,7 - 16 2
30 5 ’fﬁ-r‘ 9. Osl;rany ‘change ‘would be 1rre1evant
4. 47,x.7.1 12 56,‘11n the present ‘work, - Moreover
4 55.;,1_}322;39;,Jthe H- 01ls,vapparently because of
f};vji 52‘11,-11~o‘é9f;'agelng’ glve saponlflcatlon s
LR 0 P PY numbers, It is intended to
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f_i_ca:t‘ry out experlments w;Lth
'.f_hlghly purlfled 0118.,;‘



~used:in :lubricapion-"
;p.408 (1942)‘ i

1l§)“fThe expresSion»,
L *gapplied 1o genuine par

pa ,.friction also. occur

hydrodynamic effec
S~'lth vigcosities

:EJSQ)*fHeresit would be assumed that the particles\become disen- .
" ‘geged simultaneously from: “the” point of -lubrication. with: the
LWetting by the 1ubricant, this seems not unreasonable.' ,f

77lII*ffW.v.Engelhardt, Nachrichten der“
-f,.f,ﬁ.jGottingen, 1942, number 2.‘_'

’\f4;j§“Sei‘however, also p. 7 1n original.

{IVf'”fRemark by thc author in the discuss1on on the paper by
”./W;V Engelhardt 1anWI of 14 7 1943.>”;Ti

'{QVI}(.}K.L Wolf has rocently represented the terms adhesive strength
T~ (force = Work/path) ‘and ‘viscosity as. the main factors in e
»~flubrication.: 01 und Kohle 59, 404 (1945) . A

(VII XijJ. Meyer, - Abhandlungen ‘der. Deutsohen Bunsengesellschaft o
T Nosb, 1911.. K.L woif, Chemle 55, 295 - (1942).,3: : R

YQVIII);ffsee plate machine by Heidebroek and’ Pietsch. Forschungsﬂ»f
v;wJ;;M"Ingenieur Wesen, vol.l2. No.z, p.74/87.u;>¢«u o ,!‘

' 5;),;Whon there is a monomolecular layer between two s1m11ar
2" solid surfaces one. ‘has to: realise that this layer will . ,
adhere to both boundary faces = with equal. strength even i

in the case of a symmetrical hydrocarbon.w From this it
follows that there will be work done.on deférmation cor-
esponding ‘to any ‘shearing stress, (for work done. .on i
jeformation see C.g+ Holm' "Die technlsche Phy51k der Lokl

,elektrischen Kontakte.") LA : '

,_6.):~0ne has to realize that on atomically plane surfaces ab.
R mechanical flowing. off of a: monomolecular wetting film:is
~no longer possible even if the adhesion. of" 'the f£ilm were
"~ very small. (In structure. ‘this film is: comparable to a :
~layer. of balls between two—surfaces.). As a contrast we L
‘have the chaotic ‘surface -of an actual. point of 1ubrlcation¢;
Here the molecular layer may - ea311y be. imagined being e
;pushed away or accumulated with a minimum of  work. ex—
floenditure, even with a gain Qf work. (see eq..2) =
.+ The: space required ﬁy the lubricant molecules or_ f
surface’ molecules should ‘be mentioned in this. connectione
TStarting With Gibb B equation (and assuming the validit



f;,*Haake Bros Me

"W{anchen.vf;

'?fcalcu1atea withoutftaking the'
“1,?the measurements were 5 8' f? S 9';Vﬁlhﬂ

f Langmuir”

‘physik.Chemi or it me
T 1 rough”, ‘Thes “results ch by .
tions can owever hard‘

dlngen near Dresde

(Dxa,

'mentsland machlne manufacturers ﬁennig_K}d},

fierta flattoning into ascount,

,f:If not Speclally mentloned the V1sc031ty is: always given ,
-~ .for a temperature of: 20° Cy The :data were. given in ‘est since -
'-};thls is the unit ‘commonly employed in lubrlcatlon englneer-}é
“ings the values may. be. transformed to oP by means of a’ table

”f};glven at the end of . the report.

1))
T 250 gm. (50 g._trans.note) taken as equal to. those dbtalned

fMeasured with a parﬁlcularly llght rotor and the values at

v-,¥ffw1th “the - heavy rotor of 250 gm°:<,,’.,",l,v._,”_“q e w&:_e

s ﬂb:ia changlng load it amounts to about x O 2 11tres/m1n.bi_:
C14.)

18
19.)
20.)

lia2l;)‘

jFor a rotor Weight of 250 gm. (d o 05 mm.).'

"1;;Value dbtained W1th normally Wetted balls. ;rfo.w

‘Judging from the appearance pf the oil fllms on the balls
. (when. the envelope of 0oil is’ scratched under a 100 fold
g_'magnzflcatlon it seems ‘that -the thickneks of the film is

- fairly 1ndependent of the. type of oil: dlssolved in: phe . :
.benzene.; It is intended to make qnantitatlve measurements '
of: the thlckness of fllms._;,»_;. o i

'Thc reproduclblllty remalns the same for & given load° for f:

.LVercinlgte Kugcllagerfabriken A.-G., Schwe1nfurt..~ ff"’
_;It is shown later that the surface of the balls is v1sibly
- .- destroyed. after only the first few revolutlons of the :
*;,rotor. wg S L :

160 -

‘In. 1ater descrlptlons of the experimental condltlons, the e °
*;‘atmosphere during the experlment is simply called tgip'y, ;
" nitrogen' etc. given in: conjunction with the correSpondlng 3

exp.~temp. .- Similarly, instead of "bal]s ‘well. wetted with

. oiltwe simply put "balls Wetted" and in the other cases
= ‘mewrlte"cup full" AT : _ S e
‘17;),;'The dlameter of the balls should be constant to W1thin rﬂ<¢f

S

,For general cons1deratlons see p.S 'bottonb 4, 7 top. (1n

~ orlglnal)

fNormal measurement, less accurate on, account of the pre-

ceeding type. of measurement, ‘corresponds roughly to the



‘With various',&p'shjf oi
‘Kohle, to be. ubllshed

micro sliding surfaces .the
‘and: in the hollows. Lying n We L€
‘for the: 011.¢(Qhange in the: _smoothness of’ the b
Tubricant films of various strengths).

423/ » ease of the friction value after
300 revolutions. of ‘the tor (26,1 litres/min
‘after 300 pevSs 26,0 1itres/m1 .). “Speedwell on the
other hand, starting with 23,5 litr S/hun. showed 50
ilitres/min'fafter 500 revs.fv; 3 _

»i254)r_ges/45 itself shows: only 1ittle ‘change during the running-fV
o im (the value ‘rises from: 25_5 to 25 5 affer. 60 revolutions)

m'26;)ﬁ$TOne mlnute corresponds, about 15 to 20 revolutions. o
R "}grunning-ln or running-in- characteristics we always: under-_;gy
. stand the formation of a sliding~-peth characterist1c4of v
" the 1ubricant and characterlsed by its frictional properties..

ei?ffBowden, 1th hlS apparatus observed a stick—slipping. see
e.g. Fo Morgen, M. Muskat,; D,M. Reed; Studies in Lubri-~,;’“’“
:chatlon, BE appl Physics, 12, 745 (1941) = ".,,,A.‘ :

;27.)a1}A running time’ of 1 min. always corresponds to about 15 :
e to 20 revolutions.‘g‘.-:.v,“ O , L fite

. .28.) ;Both are engine oils ‘with the same gtrade) mark and have
Lo Ybeent supplied one: after the other. (83/43 sometimes 1eads
>aﬂ:*'“to damage 1n the engine, 155/43 does not w1th the same '

3529;5f5iA11 the coefflcients of friction 1n this report are- refer—"w

wno o red to a ball-callbration value of 26 0 litres/min. for 5
fsﬁ.),‘:Methyl ester of abletic acld' measured at 25°C. 80 that e
~f;VTﬁ=;the v1scosity becomes comparable W1th that of other 01ls.ff“

51;)[F,Th1s cannot be a case of ordlnary orientation of molecules}ﬁ
. because the 1ubrlcating film at the points of 1ubrication‘]
- is‘used up' as soon as the rotor starts’ moving whereas.
" 'the lower value remains for some time, (Penetration’ of
che 1ubricant into the surface of the sl;p—wayv) ; %,,‘yg"

. 52;)"1The required high-temperature-thermostat from the flrm of e
- ..\ Haake was not supplied so that it was: p0381b1e to make
~:n~only a few make—shift measurements at higher temperatures._
. B33a). .Under +the same conditions 1ower work of abrasion/cm
© 0 gives moré abrasion. Ggod 1ubr1cating prOperties. low:
. work of abrasion per cm® but high carrylng capacity of the
‘lubricant in the boundary reg10n.=w~¢ G





